It has long since been noted that minor element (Me) partitioning into biogenic carbonates is sometimes different from Me partitioning into inorganically precipitated carbonates. The prime example is the partitioning coefficient, which might be lower or even higher than the one of inorganically precipitated carbonate. Such a difference is usually termed ''vital effect" and is seen as indicative of a biologically modified minor element partitioning. Over the last three decades interest in conceptual biomineralization models compatible with minor element and isotope fractionation has been steadily increasing. However, inferring features of a biomineralization mechanism from Me partitioning is complicated, because not all partitioning coefficients show vital effects in every calcium carbonate producing organism. Moreover, the partitioning coefficient is not the only aspect of Me partitioning. Other aspects include polymorph specificity and rate dependence. Patellogastropod limpets are ideally suited for analysing Me partitioning in terms of biomineralization models, because they feature both aragonitic and calcitic shell parts, so that polymorph specificity can be tested. In this study, polymorph-specific partitioning of the minor elements Mg, Li, B, Sr, and U into shells of the patellogastropod limpet Patella caerulea from within and outside a CO 2 vent site at Ischia (Italy) was investigated by means of LA-ICP-MS. The partitioning coefficients of U, B, Mg, and Sr (in aragonite) differed from the respective inorganic ones, while the partitioning coefficients of Li and Sr (in calcite) fell within the range of published values for inorganically precipitated carbonates. Polymorph specificity of Me partitioning was explicable in terms of inorganic precipitation in the case of Sr and Mg, but not Li and B. Seawater carbon chemistry did not have the effect on B partitioning that was expected on the basis of data on inorganic precipitates and foraminifera. Carbon chemistry did affect Mg (in aragonite) and Li, but only the effect on Mg was explicable in terms of calcification rate. On the one hand, these results show that Me partitioning in P. caerulea is incompatible with a direct precipitation of shell calcium carbonate from the extrapallial fluid. On the other hand, our results are compatible with precipitation from a microenvironment formed by the mantle. Such a microenvironment was proposed based on data other than Me partitioning. This is the first study which systematically employs a multi-element, multi-aspect approach to test the compatibility of Me partitioning with different conceptual biomineralization models.
INTRODUCTION
For decades, the element and isotope fractionation into biogenic marine calcium carbonate (biominerals) has been used to reconstruct environmental conditions e.g. temperature and seawater chemistry (Elderfield et al. 2000 , Lea 2014 ). These reconstructions are complicated by the biomineralization processes that lead to the formation of biominerals, e.g., the calcified structures of foraminifera, corals, and gastropods. To understand if and how other parameters than the target parameter affect proxy relationships such as those between temperature and the Mg/Ca ratio or between pH and the boron isotopic composition, it is necessary to consider these biomineralisation mechanisms. Consequently the interest in biomineralisation models as an aid to proxy understanding has been steadily increasing over the last two decades. These models are usually based on a variety of widely differing aspects, e.g., physiology, biochemistry, anatomy, ultrastructure, and the fractionation of elements itself. It has become increasingly clear that biomineralisation models, which explain minor element and isotope fractionation, differ between groups of marine calcifiers and sometimes even between species within groups.
At first glance calcification in the marine environment seems to be straightforward because seawater contains ample calcium and carbonate ions. However, most marine organisms do not precipitate calcium carbonate directly from seawater. Instead, calcification takes place in a confined space separated from seawater. This site of calcification is either extracellular or intracellular. In either case, a transport of calcium and carbonate from seawater to the calcification site is required. This transport will include ions other than calcium and carbonate and is likely to introduce an element as well as an isotope fractionation, because various elements and their isotopes might have different transport characteristics. The precise transport pathways for many organisms are still a matter of debate but three different ways of transporting the building blocks of the carbonate biomineral seem to describe the fundamental processes, namely paracellular, vacuolar, and transmembrane transport. Direct seawater transport to the calcification site is assumed to account for trace element partitioning into coral skeletons (Gagnon et al. 2012 ). This direct transport could be paracellular or vacuole mediated (Erez and Braun, 2007; Tambutté et al., 2012; Mass et al., 2017) . Seawater transport by means of vacuoles was also suggested for sea urchins and foraminifera (Bentov et al., 2009; Vidavsky et al., 2016) . Since some foraminifera exclude more magnesium from their shell than inorganic precipitation from seawater does, it was suggested that the ionic composition of the seawater inside the vacuoles is altered by means of active ion transport mechanisms (Erez, 2003) . These active (and passive) transmembrane transport mechanisms could also transport calcium and other ions from seawater without the need for bulk seawater endocytosis. It was recently suggested that foraminifera use transmembrane ion transport as their main calcium source and that seawater vacuolisation plays a secondary role . However, there seems to be consensus that coccolithophores take up calcium across the plasmamembrane, although they might employ vesicles to accumulate and intracellularly transport it to the coccolith vesicle (Taylor et al., 2017) . In marine molluscs, the initial idea about calcium transport represents probably the least complicated scenario. It was suggested that shell calcium carbonate is directly precipitated from the extrapallial fluid (EPF) (Crenshaw, 1972; Misogianes and Chasteen, 1979) . The EPF is essentially seawater in ionic composition and therefore contains ample calcium (Crenshaw, 1972; Misogianes and Chasteen, 1979; Coimbra et al., 1988; Heinemann et al., 2012) . However, in terrestrial molluscs all calcium used in shell construction is taken up with the food and therefore the calcium has to be extracted from the food and transported through various tissues to the calcification site. This scenario is comparatively complicated because it includes many transport steps. Such a multi-step ion transport is not necessarily confined to terrestrial molluscs, but might be widespread among marine species too. In the last three decades it was repeatedly suggested that molluscs do not precipitate shell calcium carbonate directly from the EPF, but that at the site of shell formation the mantle epithelium is in close contact with the shell surface, effectively blocking any contact of the EPF with the shell surface (Simkiss and Wilbur, 1989; Beniash et al., 1999; Addadi et al., 2006; Suzuki et al., 2009; Cuif et al., 2011) . This requires ion transport across the mantle epithelium. Some authors suggested that calcium might be transported as amorphous calcium carbonate granules in vesicles (Addadi et al., 2006; Marin et al., 2012; Xiang et al., 2014) and amorphous precursors of calcite or aragonite were reported for other calcifiers such as urchins (Beniash et al., 1999) . Hence the initial idea of a direct precipitation of aragonite or calcite from a seawater like EPF seems too simple a scenario and a more complicated picture including ion transport and mineral transformation emerges, which also explains much better how molluscs can form their intricate shell structures (Bowerbank, 1844) .
Even this brief survey of ion transport mechanisms related to biomineralisation makes clear that models based on data from different species are in danger of being unrealistic. It is often not obvious why the fractionation behaviour of a particular element differs between species. For instance, boron and its isotopes have been used to reconstruct seawater carbon chemistry, but this requires species specific calibrations. In foraminifera boron is a good indicator of carbon chemistry, and initially corals seemed similarly promising (Hoenisch et al., 2004 , Foster et al., 2008b . A more recent study suggested a difference between aragonitic and calcitic corals (McCulloch et al., 2012) . The authors inferred a ''mineralogical control on biological pH up-regulation". This inference is not without difficulty because a calcitic species was compared with aragonitic ones and so the polymorph difference was by no means the only difference between these organisms. Both foraminifera and coccolithophores are calcitic but boron in the latter does not seem a good indicator of seawater carbon chemistry (Stoll et al., 2012) . Little work was done on molluscs but boron in bivalves does not seem to be a reliable carbon chemistry proxy (McCoy et al., 2011; Heinemann et al., 2012) .
With respect to understanding element fractionation in terms of biomineralisation mechanisms the focus on one single element and a number of different species is of limited value. As the example of boron shows it might not be clear whether a difference in element fractionation can be attributed to a particular feature of the organism's calcification mechanism, e.g. the choice of polymorph. Moreover, a particular feature of an element's fractionation behaviour might not be easily related to biomineralisation mechanisms. For instance, the Mg/Ca ratio has been used as a temperature proxy in foraminifera, ostracoda, and corals (Lea, 2014) . These groups of organisms clearly have different biomineralisation mechanisms. In order to bring biomineralisation mechanisms and element fractionation effectively together, it is advantageous to focus on a single organism and more than one element. In this study we therefore investigate the incorporation of Mg, Sr, Li, B, and U in shells of the patellogastropod limpet Patella caerulea (Linnaeus, 1758) . We used P. caerulea, because patellogastropod limpets feature both aragonitic and calcitic shell parts (Hedegaard et al., 1997) . Our LA-ICPMS measurements were performed on shells for which the spatial polymorph distribution had been well-documented in an earlier study (Langer et al., 2014) . This made a comparison of the minor elements (Me) composition of the two polymorphs possible. These shells were collected within and outside a CO 2 vent site off Ischia. The Ischia CO 2 vent site has a large range in carbon chemistry (Rodolfo-Metalpa et al., 2011) . This allowed us to analyse the influence of seawater carbon chemistry on element fractionation, which is particularly interesting for elements such as B and U, because they display a carbon chemistry dependent speciation in seawater (McClaine et al., 1955; Dickson, 1990) .
MATERIAL AND METHODS

Study site and sampling
The study site was off the east coast of Ischia (40°4 3.81 0 N, 13°57.98 0 E) at the low water mark. Gas emissions from the seabed in this area are composed of 90-95% CO 2 , 3-6% N 2 , 0.6-0.8% O 2 , 0.2-0.8% CH 4 and 0.08-0.1% Ar, without toxic sulphur compounds (Hall-Spencer et al., 2008) . Shallow water CO 2 seeps are now being used extensively as a natural laboratorie to investigate the ecosystem effects of ocean acidification (Sunday et al., 2017) . Gas fluxes were measured during 2006-2007, and no seasonal, tidal or diurnal variation in gas flow rates was detected, while pH and saturation states of aragonite and calcite varied with sea state, being lowest on calm days, and showed large decreases as pCO 2 increased proceeding towards the vent sites (Hall-Spencer et al., 2008) . Patella caerulea specimens were collected from two low pH sites (L-shells), and from a control site (N-shells) in December 2009 and analysed for polymorph distribution (Langer et al., 2014) . Temperature, pH and TA were measured from September to December 2009, and the other carbonate chemistry parameters were calculated from them. The two low pH sites had a mean pH of 6.46 ± 0.35 (mean ± S.D.) and 6.51 ± 0.38 respectively, while the control site had a mean pH of 8.03 ± 0.05 (Rodolfo-Metalpa et al., 2011; Langer et al., 2014) .
Raman spectroscopy
The spatial distribution of aragonite and calcite within the investigated shell was determined in a previous study (Langer et al., 2014) by means of confocal Raman microscopy. Raman imaging was done using a WITec alpha 300 R (WITec GmbH, Germany) confocal Raman microscope. For imaging a Raman spectrum was acquired every 10 mm. For details please refer to Langer et al. (2014) . Zn, 88 Sr, 238 U were measured along the laser profile tracks. Laser Ablation system was optimised for high spatial resolution using aperture slit of 5 Â 100 lm aligned to direction of the shell growth and 6 Hz frequency with 1.8 J/cm 2 laser fluence. The scan speed of the laser along the tracks was set at 2 mm/s, resulting in spatial resolution of approximately one Me/Ca measurement per 1 mm of the shell extension. Prior to the measurements approximately top 1 lm of shell surface was removed using pre-ablation with 20 Â 150 mm laser spot to avoid any potential surface contamination. This pre-ablation significantly improved signal stability and eliminated spikes in Al, Mn, Fe, Zn, which were monitored for surface contamination commonly associated with cutting and polishing during sample preparation. The ICP-MS sensitivity was optimised using NIST612 reference glass material for maximum sensitivity across Li-U mass range and maintaining ThO/Th < 0.5% and Th/U ratio $1. Data reduction involved initial screening of spectra for outliers, subtraction of the mean background intensities (measured with the laser turned off) from the analysed isotope intensities, internal standardisation to 43 Ca, and external standardisation using the NIST-SRM612 glass reference material. In-house eBlue calcite and also NIST610 reference glass were used to monitor long term standards reproducibility.
LA-ICPMS
Three areas of transversal shell sections were analysed ( Fig. 1) . Area 1 was comprised of aragonite, area 3 of calcite, and area 2 included an aragonitic as well as a calcitic part, which were analysed separately. Depending on the size of the area, ca. 100-500 individual laser-ablation profiles were carried out for each. Shell Me/Ca ratios are reported as the average values (±SE). The detection limit for U was ca. 5 nmol/mol.
Shell Since B does not substitute for Ca in the crystal lattice of calcium carbonates but for a CO 3 group (Hemming et al., 1995) 
Me/Ca ratios in seawater
The seawater sample was taken at the low pH site where the L-shells were sampled. The seawater was filtered (0.45 lm Millipore cellulose acetate membrane filter) and stored in PE flacons (prewashed in ultra-pure Q grade de-ionised water) and then acidified to 1% with MERK Suprapur trace free HNO 3 . Ca and Mg concentrations were analysed trough IC according to Gross et al. (2008) . Li, B and Sr were analysed trough ICPMS (Nollet and De Gelder, 2013 ) equipped with collision cell (Agilent 7500ce ORS technology) for interferences removal.
Element concentrations were quantified by averaging three duplicate analyses for each sample using external calibration. The analytical precision and accuracy for repeated analyses of the sea water samples, international and internal standards were better than 5%.
Seawater Me/Ca ratios at the sampling sites are assumed constant for the elements considered here. A variability of Me/Ca over time would require a substantial fresh water influx from a large river which would result in a variable salinity. In accordance with the absence of large rivers in the area, the salinity is constant (Frieder, 2013) .
RESULTS
Transversal sections of Patella caerulea shells collected within (L-shells) and outside (N-shells) the Ischia CO 2 vent site were analysed for Sr/Ca, Mg/Ca, Li/Ca, B/Ca, and U/ Ca by means of LA-ICPMS. We analysed two aragonitic and two calcitic areas (Fig. 1) . U/Ca in all P. caerulea shells was below the detection limit of ca. 5 nmol/mol. The other Me/Ca ratios in N-shells are given in [mmol/mol] (standard error) in the following (Table S1) The seawater at the sampling site contained 0.0087 mol/-mol Sr/Ca, 6.3490 mol/mol Mg/Ca, 0.0018 mol/mol Li/Ca, and 0.0425 mol/mol B/Ca. The seawater borate/bicarbonate ratio was 0.0385 mol/mol at the control site where the N-shells were sampled, and 0.0012 mol/mol at the vent site where the L-shells were sampled (Table S2) .
We calculated the average partitioning coefficients K DMe for aragonite and calcite separately using the respective Me/ (Holcomb et al., 2016) based on borate/bicarbonate), U aragonite: Meece and Benninger (1993) .
Ca ratios of seawater, with the exception of B, for which we used the borate/bicarbonate ratio of the control site. We report K DMe * 1000 (standard error) in the following. For aragonite the partitioning coefficients were Sr 216 (6) 
DISCUSSION
Although a number of studies addressed minor element (Me) partitioning in molluscs, these studies focus on particular aspects, such as temperature reconstruction (Schifano, 1984; Takesue and van Green, 2004; Freitas et al., 2005; Fenger et al., 2007; Ferguson et al., 2011; ; Schö ne et al., 2011Ullmann et al., 2013 , effects of the seawater carbon system on B/Ca and U/Ca (McCoy et al., 2011; Hahn et al., 2012) , and effects of growth rate on e.g., Sr/Ca Lorrain et al., 2005; Carre et al., 2006; Sosdian et al., 2006; Thébault et al., 2009) . Moreover, these studies used different species, which makes it difficult to relate the data to a single conceptual biomineralisation model. We therefore analysed the partitioning of various elements into both aragonitic and calcitic shell parts of Patella caerulea, collected from both outside and inside an Ischia CO 2 vent side. Three of these elements do not show a seawater carbon chemistry dependent speciation (Sr, Mg, and Li), while the other two do (U and B, McClaine et al., 1955; Dickson, 1990) . The most fundamental question to ask when thinking about conceptual biomineralisation that can explain element partitioning is: ''Can the partitioning behaviour of various elements be explained in terms of inorganic precipitation from a known parent solution, here seawater?" This aspect is of fundamental importance in the case of marine molluscs.
In marine molluscs the extrapallial fluid (EPF) is an aqueous solution similar to seawater in ionic composition, but containing additional proteins and polysaccharides, and possibly a carbon chemistry which is different from that of the surrounding seawater (Crenshaw, 1972; Misogianes and Chasteen, 1979; Coimbra et al., 1988; Heinemann et al., 2012; Marin et al., 2012) . The initial idea was that calcium carbonate is precipitated in the extrapallial space, with direct contact between the mineral phase and the EPF, making the extrapallial fluid the parent solution from which the calcium carbonate shell is precipitated (Crenshaw, 1972; Misogianes and Chasteen, 1979) . The similarity in ionic composition between the EPF and seawater makes element partitioning an ideal testing ground for this biomineralisation scenario. If this ''EPF scenario" is operative, element partitioning should be explicable in terms of inorganic precipitation from seawater.
The partitioning coefficient
First, we look at the partitioning coefficient K D . Typical seawater features a U concentration of ca. 13 nM and a U/ Ca ratio of ca. 1.3 * 10 À6 mol/mol (Ku et al., 1977; Shen and Dunbar, 1995) . The lowest U partitioning coefficient (K DU ) for calcite reported in the literature is 0.046 (Meece and Benninger, 1993) . Based on these data, calcite, precipitated from solutions that show a chemical composition similar to seawater, should therefore contain >60 nmol/mol U/Ca. Patella caerulea calcite by contrast contains <5 nmol/mol U/Ca (see also Material and Methods). Inorganic aragonite has a minimal K DU of 2 and should contain a minimum of ca. 2600 nmol/mol U/Ca (Meece and Benninger, 1993) . P. caerulea aragonite by contrast contains <5 nmol/mol U/Ca. Based on these data, we conclude that P. caerulea, in contrast to corals and sclerosponges (Swart and Hubbard, 1982; Rosenheim et al., 2005) , discriminates strongly against U.
The B partitioning coefficient K DB of P. caerulea calcite is by one order of magnitude lower than the one reported for inorganic calcite (Table 1 , He et al., 2013) . The same is possibly true for P. caerulea aragonite, although there remains uncertainty as to the full range of inorganic values (Table 1, Holcomb et al., 2016) .
The Mg partitioning coefficients K DMg for both aragonite and calcite do not resemble the respective inorganic ones (Table 1 , Mucci and Morse, 1983; Zhong and Mucci, 1989; Gaetani and Cohen, 2006) . The same is true for Sr with the exception of the calcite K DSr , which falls within the range of inorganic values (Table 1, Lorens, 1981; Mucci and Morse, 1983; Zhong and Mucci, 1989; Tesoriero and Pankow, 1996; Gaetani and Cohen, 2006; Tang et al. 2008) .
The Li partitioning coefficient K DLi of both aragonite and calcite is indistinguishable from inorganic values (Table 1 , Okumura and Kitano, 1986; Marriott et al., 2004) .
Whereas our seawater Sr/Ca and B/Ca are very close to average seawater values, Li/Ca is by a factor of 1.35 too low and Mg/Ca is by a factor of 1.23 too high (Table S2 , Broecker and Peng, 1982 ). Since we measured Me/Ca of seawater only at the vent site, it is possible that the unusual Li and Mg values are caused by the seep and are therefore not applicable to the control site. However, even when the N-shell K D values for Li and Mg are corrected by the above mentioned factors, our conclusions remain unchanged.
On the whole, the partitioning coefficients of the elements analysed here are different from the ones of inorganically precipitated aragonite and calcite (Figs. 2, 3) . This points to a biologically modified element partitioning. It should be mentioned that partitioning coefficients of inorganically precipitated aragonite and calcite comprise a thermodynamic value (strongest fractionation) and a range of values influenced by precipitation kinetics (e. g. Lorens, 1981) . For some elements such as Sr, Mg, and probably U the possible range of partitioning coefficients is well known, for other elements such as B and possibly Li, there remains some uncertainty. However, this uncertainty does not affect our conclusion, because the latter is based on all analysed elements. Please note that considering e. g. Li, or Sr in calcite alone would have led to the contrary conclusion. This is also illustrated by previous studies showing that element partitioning into marine biogenic carbonates differs from that predicted on the basis of inorganic precipitation Table 1 Minor elements (Me) partitioning behaviour of Patella caerulea in comparison to its inorganic counterpart. We show the partitioning coefficient, the differential partitioning into aragonite and calcite, the effect of calcification/precipitation rate, and the effect of seawater carbonate chemistry. A > C means that the respective partitioning coefficient is higher in aragonite than in calcite. C > A A > C n/a n/a Constant Constant U Max 3.8 Max 3.8 1800-9800 46-420 n/a n/a n/a n/a n/a n/a n/a = not applicable. a Please note that K DB is higher in aragonite than in calcite even when calculated based on borate/bicarbonate. This is concluded from experiments where both aragonite and calcite were precipitated under comparable conditions. K D values of inorganic precipitates were taken from: Sr aragonite: Zhong and Mucci (1989) , Gaetani and Cohen (2006) , Mg aragonite: Gaetani and Cohen (2006) , Li aragonite: Marriott et al. (2004 ), B aragonite: Mavromatis et al. (2015 based on borate/carbonate (Holcomb et al. 2016 based on borate/bicarbonate), U aragonite: Meece and Benninger (1993) , Sr calcite: Mucci and Morse (1983) , Lorens (1981) , Tesoriero and Pankow (1996) , Tang et al. (2008) , Mg calcite: Mucci and Morse (1983) , Zhong and Mucci (1989) , Li calcite: Okumura and Kitano (1986) , Marriott et al. (2004) , B calcite: Mavromatis et al. (2015) based on borate/carbonate (1.27-2.13 * 10 À3 , He et al. (2013) , based on borate/bicarbonate), U calcite: Meece and Benninger (1993) . Rate effects on inorganic K D were taken from Lorens (1981) , Busenberg and Plummer (1985) , Gabitov et al. (2014) , Uchikawa et al. (2015) . Carbon chemistry effects on inorganic K D were taken from Hemming et al. (1995) , Hartley and Mucci (1996) . experiments. The latter is the case for Sr/Ca and Mg/Ca in aragonitic bivalves, and the aragonite of the gastropod Conus, for which a biological influence on element fractionation was suggested (Zhong and Mucci, 1989; Gillikin et al., 2005; Gaetani and Cohen, 2006; Carre et al., 2006; Sosdian et al., 2006) . In the calcite of the fan mussel Pinna, Mg/Ca is lower than that of inorganic calcite, but Sr/Ca falls within the range of values reported for inorganic calcite (Lorens, 1981; Mucci and Morse, 1983; Freitas et al., 2005) . However, the absolute value of the partitioning coefficient is not the only aspect of an element's partitioning behaviour. In many cases, partitioning of elements is polymorph dependent and therefore differs for aragonite and calcite. This is the case for Sr, Mg, B, U, and maybe Li (Kitano et al., 1978; Lorens, 1981; Mucci and Morse, 1983; Okumura and Kitano, 1986; Zhong and Mucci, 1989; Meece and Benninger, 1993; Hemming et al., 1995; Tesoriero and Pankow, 1996; Marriott et al., 2004; Gaetani and Cohen, 2006; Tang et al., 2008) . It is to this differential partitioning into aragonite and calcite we now turn.
Differential partitioning into aragonite and calcite
Differential partitioning into aragonite and calcite (partitioning into aragonite relative to partitioning into calcite) is similar in N-shells and L-shells, showing that the difference in seawater carbon chemistry that characterizes the two sites did not change the general pattern observed. The same holds for the calcification rate, which was different for specimens from the two sites (Rodolfo-Metalpa et al., 2011) . In P. caerulea shells Sr/Ca is by a factor of 1.1 higher in aragonite than in calcite. Given identical parent solution Sr/Ca, inorganic precipitates also display higher Sr/Ca in aragonite, although aragonite and calcite differ by a factor of 4-60 here (Table 1) . Hence the trends in polymorph specific Sr partitioning (higher values in aragonite compared to calcite) are the same in P. caerulea shells and inorganic precipitates, but the numerical difference is not. The fact that inorganic precipitates show a more pronounced difference between aragonite and calcite in Sr/Ca might point to a non-inorganic Sr/Ca partitioning in P. caerulea. However, since the trends are the same, i.e. higher aragonite Sr/Ca in both P. caerulea and inorganic precipitates, the conservative conclusion is that the Sr partitioning of P. caerulea in this particular respect resembles the trend observed for inorganic precipitates. The Mg/Ca ratio is higher in calcite compared to aragonite in both P. caerulea and inorganic precipitates (Tables 1, 2 , and S1, Fig. 4) . Hence, the polymorph specific partitioning of Mg also is indistinguishable from the inorganic system. However, the polymorph specific partitioning of Li and B in P. caerulea differs from the inorganic system. The Li/Ca ratio is higher in P. caerulea calcite, whereas there is no difference in inorganic precipitates (Tables 1, S1, Fig. 4) . The B/Ca ratio also is higher in P. caerulea calcite, while it is lower in inorganic calcite (Tables 1, S1 , Fig. 4) . Therefore, the polymorph specific partitioning of Li and B in P. caerulea is not explicable in terms of inorganic precipitation (Tables 1 and 2 ).
The influence of seawater carbon chemistry (and calcification rate)
The B/Ca proxy for seawater carbon chemistry in foraminifera relies on the sole incorporation of borate into calcium carbonate, which is assumed to compete with bicarbonate, not with Ca (Hemming et al., 1995; Allen et al., 2012; Kaczmarek et al., 2015) . Therefore a linear positive correlation between B/Ca in calcium carbonate and borate/bicarbonate in seawater is expected. Since the seawater borate/bicarbonate ratio is by a factor of ca. 33 higher at the control site (N-shells, see Results), it is to be expected that B/Ca will be higher in N-shells precisely by that factor. This, however, is not the case. In aragonite there is no difference at all (Table S1) , and in calcite there is a small difference (factor of 1.6) in area 2 only (Table S1 ). That means that B/Ca is not influenced by seawater carbon chemistry. This shows that unmodified seawater is not the parent solution for P. caerulea shell calcium (2013), based on borate/bicarbonate), U calcite: Meece and Benninger (1993) . Table 2 Conclusions drawn from the data in Table 1 . The question answered in each case is ''Is this Me partitioning behaviour possible in the EPF-scenario?".
Minor element
Can the EPF be the parent solution for shell calcium carbonate? Y = Yes, N = No
carbonate. However, the parent solution could be modified seawater; modified with respect to carbon chemistry only. This is in agreement with a study by Heinemann et al. (2012) which suggests molluscs might control the carbon chemistry in the EPF. Patella Mg/Ca in aragonite and Li/Ca in both aragonite and calcite are affected by seawater carbon chemistry (Tables 1, and S1, Fig. 4 ). Carbon chemistry effects on the partitioning of elements other than U and B are often more difficult to explain because many elements do not show a pronounced speciation change with variable carbon chemistry. Therefore indirect effects have been proposed e.g. in foraminifera. Carbon chemistry related changes in Sr/Ca, Mg/Ca, and Li/Ca of foraminiferal tests are supposed to be due to calcification rate changes (Russell et al., 2004; Hall and Chan, 2004; Dissard et al., 2010; Yu et al., 2014) . The argument is that higher pH and carbonate ion concentration lead to higher calcification rate, which in turn alters the partitioning coefficients. Since calcification rate in P. caerulea from within the Ischia CO 2 vent site (L-shells) is higher than in specimens from outside (N-shells) (Rodolfo-Metalpa et al., 2011) , it might be expected that Sr/Ca, Mg/Ca, and Li/Ca also are. In several molluscs positive correlations between partitioning coefficients and growth rate were reported Lorrain et al., 2005; Carre et al., 2006; Sosdian et al., 2006; Thébault et al. 2009 ). The opposite is the case for Li/Ca (Tables 1 and S1 ). Sr/Ca does not change in response to changes in calcification rate (Tables 1 and S1 ). Only Mg/Ca is, at least in aragonite, indeed higher in L-shells (Tables 1  and S1 ). This shows that carbon chemistry-induced calcification rate changes do not control Me partitioning.
We evaluated the partitioning behaviour of several elements in P. caerulea with respect to their similarity to the inorganic system. In many cases we found differences. A significant difference between values expected based on inorganic processes and actually measured values are well documented for most biogenic carbonates, and the term ''vital effects" is used to describe this observation. Vital effects are thought to be caused by a number of physiological processes involved in the ion transport from seawater to the site of calcification. Since in the EPF scenario a direct precipitation out of the EPF is assumed, three out of the four aspects considered here, would predict values that are expected for inorganic systems (no physiological processes causing ''vital effects" involved). These aspects are growth rate dependence, polymorph dependence, and the absolute value of the partitioning coefficient. The objective of our study was to find out whether this prediction holds true. The unambiguous answer is no. There are ''vital effects" in the absolute values of the distribution coefficients of Sr, Mg, B, and U, in the polymorph dependence of Li and B, and in the rate dependence of Sr, Mg, and Li (Tables 1  and 2 ). Hence, our data are incompatible with the EPF scenario.
As mentioned in the Introduction, the EPF scenario is not the only biomineralisation model discussed for molluscs. In recent years an alternative hypothesis (hereafter termed the mantle-scenario), which features a sub-space within the extrapallial space has been proposed. In the mantlescenario there is a close connection of the outer mantle epithelium and the mineral surface during calcium carbonate precipitation (Simkiss and Wilbur, 1989; Beniash et al., 1999; Addadi et al., 2006; Suzuki et al., 2009; Cuif et al., 2011) . Most recently, Planchon et al. (2013) described that as a ''self-contained space located close to calcification sites" which separates the EPF from the mineral surface. The small space between the outer mantle epithelium and the mineral surface is filled with a protein gel excreted by the epithelium cells, which also transport ions such as Ca into this space (see references above). As a result, the environment in which calcium carbonate precipitates differs from the EPF in two important ways. Firstly, it is not an aqueous solution, but a protein gel. Secondly, the minor element to calcium ratios (Me/Ca) will not resemble those of the EPF, i.e. those of seawater (the transport of ions from the EPF into this ''self-contained space" will most likely lead to an elemental and isotopic fractionation as it is likely mediated by transmembrane transport via ion pumps or channels). In the following we will revisit the four characteristic ''features" of element partitioning discussed above in their relation to the two biomineralisation models, i.e., the EPF and the mantle scenario.
Feature one, ''distribution coefficient": Since the EPFscenario suggests a direct shell precipitation from the EPF (seawater-like ionic composition, Crenshaw, 1972; Misogianes and Chasteen, 1979; Coimbra et al., 1988; Heinemann et al., 2012) , Me distribution coefficients should be close to the ones of inorganically precipitated calcite and aragonite. Cell physiological processes involved in the formation of biogenic minerals, such as transmembrane ion transport, often lead to Me fractionation producing distribution coefficients that may be different from those determined for inorganic precipitation. The mantel-scenario does not allow predicting any values for the distribution coefficient since the impact of cell physiological processes is unknown.
Feature two ''polymorph dependence": Distribution coefficients are strongly polymorph dependent. If aragonite and calcite are inorganically precipitated from the same parent solution their distribution coefficients are different due to their difference in crystal structure. For the EPF-scenario this would mean that the precipitation of aragonite and calcite from the same EPF should result in different distribution coefficients for the different polymorphs (Watabe and Wilbur, 1960; Kitano et al., 1978; Lorens, 1981; Mucci and Morse, 1983; Okumura and Kitano, 1986; Zhong and Mucci, 1989; Meece and Benninger, 1993; Hemming et al., 1995; Belcher et al., 1996; Falini et al., 1996; Tesoriero and Pankow, 1996; Marriott et al., 2004; Gaetani and Cohen, 2006; Tang et al., 2008) . Again, for the mantel-scenario a prediction is not possible since the impact of cell physiology cannot be predicted.
Feature three ''growth rate": The precipitation rate of calcium carbonate from an aqueous solution significantly influences the incorporation of Me 2+ and boron (Kaczmarek et al., 2016) . Rodolfo-Metalpa (2011) showed that limpets from low pH areas of the Ischia CO 2 vents calcified faster than those growing under normal pH. They considered this an adaptation to cope with dissolution caused by acidified seawater since the limpets could not 'switch off' this hypercalification when transplanted away from the high CO 2 conditions. Since the growth rate of P. caerulea shells is faster inside the CO 2 vent site (RodolfoMetalpa et al., 2011) it can be assumed that the distribution coefficients should be different for specimens collected at the two sites. This assumption is only true for the EPFscenario because we do not know whether the relationship between growth rate and K D holds in the mantle-scenario. See also Lorens, 1981; Busenberg and Plummer, 1985; Russell et al., 2004; Hall and Chan, 2004; Gillikin et al., 2005; Lorrain et al., 2005; Carre et al., 2006; Langer et al., 2006; Sosdian et al., 2006; Thébault et al. 2009; Gabitov et al., 2014; Yu et al., 2014; Uchikawa et al., 2015 .
Feature four ''carbon chemistry": The carbonate chemistry of seawater is characterized by the interlinked parameters bicarbonate, carbonate ion, and CO 2 concentration, alkalinity, the total dissolved inorganic carbon, and pH. The values of some of these parameters are reflected in the elemental and isotopic composition of the precipitated calcium carbonate. There is a well-known correlation between pH and the boron isotopic composition of calcium carbonate (Hemming and Hanson, 1992; Hemming et al., 1995) and a correlation between U/Ca and CO 3 2-and between B/Ca and CO 3 2-or HCO 3 - (Russell et al., 2004; Yu et al., 2007; Keul et al., 2013; Kaczmarek et al., 2015; Howes et al., 2017) . Due to the difference in carbonate chemistry inside and outside the CO 2 vent site it can be assumed that this difference is reflected in B/Ca and U/Ca content of the shells. Although a correlation between shell B/Ca and U/Ca respectively and seawater carbonate chemistry has been shown for some organisms such as foraminifera (e.g. Keul et al., 2013; Kaczmarek et al., 2015; Howes et al., 2017) , other organisms such as molluscs showed ambiguous data (e.g. McCoy et al., 2011) . This inconclusive finding is most likely related to the fact that molluscs regulate the pH inside the EPF (Crenshaw, 1972; Misogianes Please cite this article in press as: Langer G., et al. Relationship between mineralogy and minor element partitioning in limpets from an Ischia CO 2 vent site provides new insights into their biomineralization pathway. Geochim. Cosmochim. Acta (2018), https://doi.org/ 10.1016/j.gca.2018.02.044
and Chasteen, 1979; Coimbra et al., 1988; Heinemann et al., 2012; Marin et al., 2012) . Due to this complication in the interpretation of B/Ca and U/Ca values we do not regard them as suitable to differentiate between the mantle-and EPF-scenario. See also McClaine et al., 1955; Dickson, 1990; Hartley and Mucci, 1996; Russell et al., 2004; McCoy et al., 2011; Allen et al., 2012; Kaczmarek et al., 2015. To conclude, all our data are compatible with the mantle-scenario, because the latter in general allows for vital effects. However, the mantle-scenario does not predict specific vital effects or minor elements, which should show vital effects. Therefore, it is important to look at various minor elements and different aspects of their partitioning behaviour. To the best of our knowledge, this is the first study that systematically undertakes such a multi-element, multi-aspect approach. Based on our dataset we conclude that the mantle hypothesis is superior to the EPF hypothesis. Moreover, our dataset will be helpful in the future, because its compatibility with every new rival biomineralisation model can be tested.
